Time-Resolved Infrared Radiometric Imaging of Coatings by Maclachlan, J. W. et al.
TIME-RESOLVED INFRARED RADIOMETRIC IMAGING OF COATINGS 
INTRODUCTION 
J. W. Maclachlan, L. C. Aamodt, and J. C. Murphy 
Center for NDE, Applied Physics Laboratory 
The Johns Hopkins University 
Johns Hopkins Road, Laurel, MD 20707-6099 U.S.A. 
Thermal techniques have matured for the nondestructive characteriza-
tion of the internal structure of opaque solids in recent years. While 
CW-modulated thermal wave imaging techniques have proven applicable to 
the inspection of many types of structures, difficulties arise when the 
layers are thick or have low thermal diffusivity. The depth, 1, into the 
specimen which can be probed is approximately one thermal diffusion 
length, o = (2a/oo)1/2 where a is the thermal diffusivity and 00 is the 
angular modulat ion frequency. When 1/0 is large because of a low thermal 
diffusivity, the modulat ion frequency must be lowered to allow the full 
thickness of the structure to be examined. As the modulat ion frequency 
is decreased, the dwell time required at each point for construction of 
an image by a point-scanning technique increases as do the data acquisi-
tion times. For low diffusivity materials, the data acquisition times 
are too long for thermal wave imaging to be a feasible routine inspection 
technique. 
Methods for minimizing this limitation of point-scanned thermal wave 
techniques have included methods for parallel acquisition of the surf ace 
tempera ture data. Some of these approaches continue to use CW-modulated 
heating beams in combination with an infrared scanner [1] while in others 
a photodiode array has been proposed for optical beam deflection measure-
ments [2]. In our work we have been examining time domain measurements 
of surf ace temperature to allow probing of thermally thick layered struc-
tures such as ceramic coatings and engine components. This approach has 
elements in common with the technique of photothermal radiometry [3,4] 
although in our work we use a step heating source as opposed to a pulsed 
source. We implement our technique with detection using an infrared 
scanner to allow quasi-parallel acquisition of image data. Step heating 
allows the heating flux to be much lower than that required for pulse 
heating for a fixed total energy input to the specimen because the heat 
is applied over a longer time. The peak specimen temperatures are lower 
and there is less possibility of thermal damage to the specimen. Also, 
both the heating and cool ing regimes are available for study when using 
step heating sources. 
The development of techniques which are applicable to thick struc-
tures of low thermal diffusivity fills a gap not covered by other thermal 
wave techniques and material systems which previously were not suitable 
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for thermal wave inspection can now be studied. In this paper, we give 
examples of two low diffusivity systems: ceramic thermal barrier coat-
ings and thick turbine blades where inspection of internal structure is 
desired. A broad thrust of our work is to extend our studies on single 
layers [5] to characterizing multilayer systems through the surface tem-
perature response to applied heat. This is particularly important from 
an engineering standpoint since many new coatings systems are composed of 
a series of layers, each layer having different physical properties and 
contributing special features to the final coating system. These multi-
layer coating systems introduce special challenges to the development of 
suitable nondestructive inspection techniques. 
THEORY 
Three-Layer Analytical Model 
In earlier work [5] we presented a one-dimensional three-Iayer 
analytical model for a system consisting of a coating layer of finite 
thickness, 1, a semi-infinite substrate below the coating and a semi-
infinite gas layer above the coating. The surface temperature calculated 
as a function of time for this model under the condition of surface heat-
ing by a pulsed source of duration, t, indicates the role of the coating 
thickness and the thermal properties of both coating and substrate. The 
surface temperature of the coating for uniform heating of the top surface 
is given by: 
Ttotal(t) 
where 
T2(t) 
with an = ln/Va 
if t < t 
t > t 
2 
exp(an/t) + ti an(erf(an/t) -
(4) 
(5) 
(6) 
(7) 
In these expressions r describes the thermal mismatch between the coating 
and the substrate and ro describes the thermal mismatch between the coat-
ing and the gas. These factors are given by: 
r = (Yg - Yc)/(Yg + Yc ) 
ro (Ys - Yc)/(Ys + Yc ) 
where Y is the inverse thermal effusivity given by: 
Y = 1/(KPC)I/2 
(8) 
(9) 
Throughout these expressions the subscripts g, c and s refer to the gas, 
coating and substrate respectively. It is illustrative to think of the 
expression for the total surface temperature (Eq. 4) in terms of its con-
stituent parts: TI, the surface temperature obtained for the case of a 
semi-infinite medium and T2' the adjustment to the surface temperature 
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due to the finite thickness of the coating and the presence of the 
substrate. The TI term exhibits a dependence on the square root of time 
while the heat pulse is applied and TI then decays after the heat pulse 
is turned off. If the substrate is more conducting than the coating, T2 
is negative since heat readily flows into the substrate and the surf ace 
temperature of the coating is then pulled down below a root-time depend-
ence after a characteristic time which depends on the coating thickness 
and on the coating thermal properties. 
An example of the application of this calculat ion appears in Fig. 
I(a) where the surface temperature is shown as a function of the square 
root of time after turn ing on the heating source for the case of a 
ceramic coating material on substrates with a range of inverse thermal 
effusivities. Curve 1 is the response of a semi-infinite medium where 
the thermal properties of the substrate match the properties of the 
coating. This curve shows the dependence on the square root of time 
expected from the expression for TI for the surf ace temperature of a 
semi-infinite medium. For specimens whose substrate are more insulating 
than the coating (i.e., higher inverse thermal effusivity), Curve 2 shows 
that the surf ace temperature increases above the root-time dependence 
after a characteristic time. Conversely, when the substrate has a lower 
inverse thermal effusivity than the coating as shown in Curves 3 and 4, 
the surf ace temperature drops below a root-time dependence. The magni-
tude of the deviat ion from root-time behavior depends on the relative 
differences between the properties of the coating and the layer beneath 
the coating. Variations in these differences as a function of position 
on a coating specimen can result from changes in the bonding of the coat-
ing to the substrate. Regions with good adhesion to a metal substrate 
would show a deviat ion below root-time while decohered regions with, for 
example, an air layer between the coating and the substrate would show a 
temperature increase above the root-time dependence. 
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Fig. l(a) Analytical calculation of surface temperature versus square 
root time for a ceramic coating (inverse thermal effusiv-
ity, 30.2) for a series of substrates with various inverse 
thermal effusivities (units are cm2C 'sec 1/ 2 J-l): (1) 30.2, 
(2) 7509, (3) 7.2, (4) O. 
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Fig. l(b) Analytical calculation of surface temperature vs. root time for 
a ceramic coating of various thicknesses on a metal substrate. 
(1) semi-infinite, (2) 0.6 rom, (3) 0.4 rom, (4) 0.2 rom. 
The time at which the surface temperature departs from the root time 
behavior anticipated for a semi-infinite medium depends on both the ther-
mal properties of the coating and on its thickness. Figure l(b) shows 
the surface temperature versus time for a ser ies of ceramic coatings of 
thicknesses 0.2, 0.4 and 0.6 rom on a conductive metal substrate. The 
curve for a semi-infinite ceramic specimen is also shown to give the 
square root time dependence for comparison. The characteristic time at 
which the surface temperature deviates from the square root time depend-
ence is found to be approximately 0.38 1 2 /a where 1 is the coating thick-
ness and a is the thermal diffusivity of the coating. It is then 
possible either to determine the coating thickness if the thermal diff-
usivity is known, or conversely, to determine the thermal diffusivity if 
the thickness is known. In addition, variations in the transit time 
as a function of position on the coating indicate regions of either coat-
ing thickness variat ion or thermal property variation. 
Finite Element Model 
The development of analytical expressions for systems of more than 
three layers becomes progressively more complicated as more layers are 
added to the system. As a result, we have developed a one-dimensional 
finite element model for multi-layered systems which allows the tempera-
ture at any point within the system to be calculated for the case of 
either surface or subsurface heating. Figure 2 shows an overview of the 
model system consisting of a metal substrate with a ceramic coating on 
both surfaces. Additional layers can be added to the model either to 
simulate disbonds between the coating and the substrate or to increase 
the number of physical layers in the coating system. The regions on 
either side of the specimen are considered to be thermally insulating and 
no heat is allowed to flow out of the specimen and both temperature and 
thermal flux are matched at the boundaries between layers. Two types of 
results are presented in Fig. 2. For comparison with the results of the 
analytical model, a plot of the surface temperature versus time is shown 
originating from the lower right corner of the figure. This plot then 
develops in time as the model is run. The curves within the outline of 
the ceramic-metal-ceramic specimen show the temperature as a function of 
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Fig. 2. 
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Overview of the finite element model for a ceramic-metal-
ceramic system showing plots of surf ace tempera ture vs. 
time and the display of surface temperature vs. position for 
both layered and semi-infinite systems. 
position for the case of the layered system and for the comparison case 
of a semi-infinite ceramic specimen. The particular temperature versus 
position curves shown here are those for the time indicated by the final 
time in the plot of surf ace temperature versus time. The semi-infinite 
result shows a steady decrease in temperature with distance into the 
specimen while the ceramic-metal-ceramic system shows that the surf ace 
temperature is lower than that for the semi-infinite case and then 
decreases with position across the metal layer at a much slower rate due 
to the increased thermal diffusivity of this layer. Once the final 
ceramic layer is reached, the rate of temperature decrease with position 
again increases. 
The results of the finite element calculat ion of surface temperature 
versus square root time for the case of a ceramic coating on a semi-
infinite metal substrate are given in Fig. 3(a). Note that the cases 
covered in this example are similar to those given in Fig. l(a) since a 
disbond presents a high inverse thermal effusivity medium adjacent to the 
coating whereas a good bond to a metal substrate provides a low inverse 
effusivity medium. The results of the finite element analysis exhibit 
the same behavior as the analytical calculations, thus validating the 
finite element model. Fig. 3(b) shows the temperature versus root-time 
for a ceramic-metal-ceramic system as shown in Fig. 2. The root-time 
behavior for a semi-infinite ceramic specimen is also shown on the graph 
for comparison. In this case, the surf ace temperature for the layered 
system increases as the square root of time for a time per iod correspond-
ing to the transit time of the coating (0.25 sec 1/ 2) and then decreases 
below root-time behavior when the metal layer is reached as in the previ-
ous examples. Then, at 0 . 73 sec 1/ 2 the slope of the curve increases as 
the ceramic layer behind the metal layer is detected. 
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Fig. 3(a) Finite element calculat ion of surface temperature vs. root time 
for a ceramic coating on a metal substrate with no disbond, 
with an air disbond and for a semi-infinite ceramic specimen . 
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Fig. 3(b) Finite element calculat ion of surface temperature vs. root time 
for (1) a semi-infinite ceramic system and (2) a ceramic-metal-
ceramic system. 
EXPERIMENTAL RESULTS 
The instrumentation system used to perform the time-resolved infra-
red (TRIR) experiments has been described in detail previously [5). 
Heating of the specimen 1s achieved with an argon ion laser beam which is 
gated on and off for the desired time period, t, with an acoustooptic 
modulator. The time development of the surf ace temperature is then moni-
tored with an infrared scanner (Mikron Model 6T61) which is operated 
alternatively in an area scan mode and a time-trace mode. The scanner is 
interfaced with a microcomputer system over the IEEE-488 bus to allow 
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further analysis of the area images and the temperature versus time 
profiles. 
TRIR measurements for three-Iayer systems have been made on both 
test specimens which simulate coatings systems and on actual ceramic 
thermal barrier coatings specimens. The results of these experiments and 
the comparison with the three-Iayer analytical model have been reported 
previously [5]. Figure 4 shows the TRIR results from a ceramic-metal-
ceramic specimen in air whose dimensions and thermal properties were used 
in the finite element calculat ion presented in Fig. 3(b). The vertical 
dashed line indicates the transit time of 0.25 sec 1/ 2 for the first 
ceramic layer and the experimental re suIt shows the expected change to 
below root-time behavior at this point due to the presence of the metal 
layer. The slope of the curve then increases again at about 0.76 sec 1/ 2 
due to the second ceramic layer, agreeing favorably with the increase 
observed in the finite element result at 0.73 sec1/2 . 
As mentioned earlier, there are many structural components such as 
engine turbine blades which have proven too thick for inspection by 
CW-modulated thermal wave techniques. Figure 5(a) shows a foiI pattern 
which was used in bonding two halves of a turbine blade. Deliberate 
defects were introduced in the turbine blade by absences of foiI in spe-
cific locations. A TRIR through-transmission study of this blade was 
conducted by imaging the surf ace temperature of the blade with the IR 
scanner as a function of time after the application of heat on the back 
surf ace of the blade with a heat lamp. Figure 5(b) shows an area image 
of the surf ace temperature of the front surf ace of the blade at a time 
approximately 0.5 seconds after the heat source was applied. The region 
of the blade shown in this image is indicated by the box on the foiI pat-
tern in Fig. 5(a). The vertical structures seen in the foiI are clearly 
visible along with indications of poorer thermal transmission in the 
three structures on the right side of the image where portions of the 
foiI are missing. 
Fig. 4. 
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TRIR measurement of temperature vs. root time for a ceramic-
metal-ceramic test specimen. 
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a 
Fig. 5(a) 
SUMMARY 
Locatlon of 
IR Image 
3 cm b 
FoiI pattern used for diffusion bonding of two halves of a 
turbine blade, (b) Area scan IR iamge for transmission heat-
ing on turbine blade. 
Time-resolved infrared techniques show promise for examinat ion of 
thick specimen geometries of low thermal diffusivity which was previ-
ously not possible with CW-modulated thermal wave techniques. Examina-
tion o~ layered systems with analytical and finite element models and 
comparison with experimental results on coating systems provide an under-
standing of the physical basis of the TRIR technique. 
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